Phase-field simulation of the dendrite growth of an Fe-0.15 mass%C binary alloy with fluid flow was carried out, and the mechanism of deflection of dendrites in the alloy system was examined. In the simulation, the primary arms growing in a flowing melt inclined toward the upstream direction, and the deflection angle increased with increase in flow velocity. Decrease in deflection angle with increase in growth velocity of the dendrite tip and accelerated growth of side branches were also observed in the simulation. These results of simulation were in good agreement with experimental results. The simulation showed that the change in the thermal field has little effect on the deflection and that the change in the solutal field is the main factor responsible for the deflection of a dendrite in an alloy system. The maximum deflection angle of a single dendrite in the simulation was less than 15 • . The large deflection angles of grains (more than 20 • -30 • ) in the experiments were thought to have been caused by nucleation in front of the dendrites and the subsequent competitive growth.
Introduction
Melt convection during solidification of an alloy is one of the main factors affecting the quality of an ingot, and various studies on this melt convection have therefore been carried out. It is well known that dendrites growing in a flowing melt tend to incline toward the upstream direction, and several mechanisms for dendrite deflection have been proposed. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In an experiment using ice, Miksch found that the primary spine of the ice crystal was deflected toward the upstream direction and that the growth of secondary spines on the upstream side was markedly accelerated. 1) As a possible mechanism of ice dendrite deflection, Miksch suggested that a growing ice crystal is cooled at the upstream side by flowing cold water and is warmed at the downstream side by latent heat, resulting in growth of the crystal toward the upstream direction of the low temperature side. 1) In alloy systems, Flemings et al. discussed that the moving liquid sweeps away the impurities from the solidifying interface and that this results in a reduction of boundary layer thickness or reduction in the thickness of the solidification barrier. 12, 13) Takahashi et al. reported that columnar dendrites in both an Al-Cu alloy and steel grew in a spiral due to the effect of the stirring during the solidification process, and they found relationships among deflection angle, flow velocity and dendrite growth velocity. 2, 3) They suggested that dendrites deflect by successive nucleation in the region between primary dendrites and the subsequent growth along the undercooling contour in the interdendritic region. Abe et al. found by using an inclined chill plate technique that the deflection angles of columnar grains in Al-Cu and Zn-Cd alloys were 24-28 degrees. 4, 5) Abe et al. carried out a continuous observation experiment on dendritic growth of a cyclohexanol crystal, and they reported that the deflection angle of a single dendrite was small and that accelerated growth of secondary arms on the upstream side was observed. 6) A similar experiment using cyclohexanol was carried out by Okamoto * Graduate Student, Hokkaido University.
et al., and they reported the same results, i.e., that primary dendrites deflected a few degrees toward the upstream direction and that the growth of secondary arms was accelerated on the upstream side. 7) Murakami et al. reported that the deflection angle of dendrites in an Al-Cu alloy increased with increase in flow velocity and initial solute content. 8, 9) Esaka et al. also reported that the deflection angle of dendrites in steel increased with increase in initial carbon content.
10) Furthermore, in experiments using succinonitrile-camphor alloy, Esaka et al. found that change in the thermal field had little effect on dendrite tip morphology but that change in the solutal field had a great effect on dendrite tip morphology. 14) As described above, many experimental studies on dendrite deflection during the process of solidification of alloys have been carried out, but most of those studies were carried before 1980, and little progress has since been made in elucidation of the mechanism of dendrite deflection due to the difficulty of the direct microscopic observation of dendrite growth under convection during the process of alloy solidification.
The phase-field model is a powerful tool for studying the complex interface pattern evolution at the microscopic level. This model has been used for analyses of free dendrite growth, [24] [25] [26] [27] [28] [29] melting process 30) and interface-particle interaction 31) and for the prediction of secondary dendrite arm spacing. 32) In some works, the convection effect has been incorporated in the phase-field model. [33] [34] [35] This new simulation technique seems to make it possible to carry out micro-scale simulation of dendrite deflection during the process of solidification of an alloy with fluid flow and to examine in detail the mechanism of deflection. In this study, numerical 2-D simulations of dendrite growth in an Fe-C binary alloy with fluid flow were carried out using the phase-field model. The mechanism of deflection of dendrites in an alloy system was examined on the basis of the 2-D simulation results.
Simulation Procedure

Calculation method
The phase-field model is a very useful model for simulating microstructure evolution during the process of solidification of pure materials and alloys. Phase-field models for an alloy can be classified into several groups depending on the definition of free energy density for the interface region and how they were derived. The phase-field model for an alloy proposed by Kim et al. 37, 38) was used in this study because the parameters in their phase-field model can be treated as a function of temperature, thus enabling the imposition of a temperature gradient in the calculation domain.
In the phase-field model, the solid-liquid interface is defined as a region with finite thickness in which the phase-field variable φ changes from 0 to 1. The value of this phasefield variable characterizes the physical state (φ = 1 in solid, φ = 0 in liquid) of the system, and the solid-liquid interfacial morphology of an alloy can be determined by calculating the evolution of phase field and concentration field. The governing equations of the phase-field model for an alloy are as follows:
The free energy density of a solid-liquid mixture f (φ, c) is expressed as follows:
where
In the above equations, f S (c) and f L (c) are free energy density of the solid and liquid phases, respectively. The function g(φ) is the double-well potential associated with the energy barrier between the solid and liquid phases, and W represents the height of the energy barrier. The symbol c is a mole fraction, and ε is a parameter related to interfacial energy and is expressed as follows:
where δ ε is the magnitude of the anisotropy (anisotropy parameter), and θ is the angle between the normal of the solidliquid interface and the x axis. Equation (5) represents a 4-fold symmetric anisotropy of the interfacial energy in ε, which can produce a preferred growth direction of a cubic solid phase. Subscripts under f in eqs. (1) and (2) mean the partial derivatives by that variable. M is the mobility of the phase field, and D(φ) is the diffusivity of the solute as a function of the phase-field variable. The effect of fluid flow was incorporated into the phasefield calculations by solving the Navier-Stokes equation and the equation of continuity in addition to solving the eqs. (1)- (5) . The melt is assumed to be incompressible, and the flow calculation was carried out in the liquid region estimated from the value of the phase-field variable, i.e., the region having the value of phase field of 0 < φ < 0.5 was regarded as liquid. Several techniques for numerical calculation of fluid flow have been proposed, and the SOLA method was used in the present simulation.
The calculated flow velocity was added to the right-hand side of eq. (2) in order to consider the effect of the flow on the solute diffusion in liquid.
Calculation conditions
In the present simulation, an Fe-0.15 mass%C binary alloy, which contains the base components of steel, was chosen as the target alloy because there have been many experimental works on deflection of dendrites in steel under convection. A regular solution approximation was applied to the function of free energy density, and the thermodynamic data for δ and liquid phases of the Fe-C alloy 40) used in the calculation are shown in Table 1 . In the simulation, diffusivity in the solid phase (D s ) was set at 6.0 × 10 −9 m 2 /s, that in the liquid phase (D L ) was set at 2.0 × 10 −8 m 2 /s, the interface energy (σ ) was set at 0.204 J/m 2 , and the kinematic viscosity (ν) was set at 6.79×10 −7 m 2 /s. 41) The present calculation was carried out in two dimensions because three-dimensional phase-field simulation with fluid flow requires a long computational time. The mesh size was ∆x = ∆y = 2.0×10 −8 m, and two calculation domains were used (1000 × 500, 1000 × 1000 meshes). The phase-field calculation requires a very small mesh size and a long CPU time. The present simulation was carried out under a relatively high undercooling condition, meaning a high growth velocity and a small cell or dendrite tip. Also, the imposed temperature gradient in the calculation domain became very high. However, it was confirmed that the local equilibrium condition holds true at the solid-liquid interface in the simulation, so the validity of comparison of experimental and calculated results can be confirmed from the scaling low. 42) As the initial condition, a small triangular solid region was set at the bottom of the center of the calculation domain as shown in Fig. 1 . The boundary conditions for flow in this simulation are also described in Fig. 1 . The direction of flow in the calculation domain is from left to right, inflow velocity, u in , at the inlet on the left side is constant, and the carbon concentration of an inflow melt was the initial composition of 0.15 mass%C. The boundary condition at the outlet on the Table 1 Thermodynamic data of a δ crystal and liquid phases of an Fe-C binary alloy. right side is that the velocity of melt and pressure gradient in melt are zero. The top of the calculation domain is a slip wall because the top is in contact with the liquid region, and the bottom of the calculation domain is a non-slip wall because the bottom is in contact with a mold. Also, the non-slip wall condition was set at the solid-liquid interface. Figure 2 shows a flow pattern during the process of solidification of an Fe-0.15 mass%C alloy at 1760 K with the initial inflow velocity u in = 8.0 × 10 −2 m/s. The black line represents the solid-liquid interface, and the area of gray is the solid phase. It can be seen that the upstream flow in the vicinity of dendrite tip bypasses the dendrite tip and that the velocity of the flow becomes fast. Fig. 3(a) ). With fluid flow, the primary arms tend to deflect toward the upstream direction (Figs. 3(b)-(d) ), and it can be seen that the deflection angle increases slightly with increase in flow velocity and that the dendrites grow with unsymmetry with respect to the center of the primary arms. Furthermore, the morphology of the dendrite becomes more unsymmetric with increase in flow velocity. These features are the same as the experimental results reported by Esaka et al. 14) It should be noted that, in phase-field calculation, anisotropy of a dendrite is artificially generated from eq. (5) and the magnitude of anisotropy, δ ε , in eq. (5) plays an important role in the degree of deflection in the simulation, as will be discussed it in the next section. The value of the anisotropy parameter, δ ε , used in the calculation for which the results are shown in Fig. 3 was 0.04.
Results and Discussion
Effect of flow velocity
Effect of magnitude of anisotropy
In the phase-field calculation, the value of δ ε was empirically determined so as to produce appropriate dendrite morphology. 24) There are few reports on the magnitude of anisotropy in dendrite growth of alloys. Huang and Glicksman 42) estimated anisotoropy of about 1% in solidliquid interfacial energy in succinonitrile. However, it is not clear how the anisotropy of interfacial energy can be concerned with the anisotropy parameter, δ ε , in eq. (5). Furthermore, the anisotropy of interfacial energy in an Fe-C alloy has not been reported. Since the results of preliminary simulation showed that appropriate dendrite morphology could be obtained in a certain range of values of δ ε , three values of the anisotropy parameters (δ ε = 0.03, 0.04, 0.05), that can produce dendrite morphology were examined in the present study. Figure 4 shows calculated carbon concentration profiles for different values of the anisotropy parameter δ ε , (a) 0.03, (b) 0.04 and (c) 0.05, with constant inflow velocity (u in = 5.0 × 10 −2 m/s). Under the condition of constant flow velocity, the deflection angle is clearly influenced by the magnitude of the anisotropy parameter, δ ε , and a primary arm deflects toward the upstream direction with a larger angle when the magnitude of anisotropy is weak. Figure 5 shows the relationship between initial inflow velocity, u in , and deflection angle, θ , for different values of the anisotropy parameter, δ ε . The deflection angle was defined as the angle between the growth direction without fluid flow and the track of the growing dendrite tip. The magnitude of anisotropy has an influence on the deflection angle, but the tendency for the deflection angle to increase with increase in u in is the same for all values of δ ε . This tendency is in agreement with the experimental results for steel reported by Takahashi et al.
3) The results shown in Fig. 5 suggest that the deflection angle approaches a constant value with increase in flow velocity, and the maximum deflection angle obtained in this simulation was less than 15
• . Figure 6 shows the relationship between dendrite growth velocity, V , and deflection angle, θ , obtained from the present simulation. The results shown in this figure are the same as those shown in Fig. 5; i.e., the magnitude of anisotropy has an influence on the deflection angle, but the tendency for the deflection angle to decrease with increase in the growth velocity, V , is same for all values of δ ε . These results are also in agreement with the experimental results reported by Takahashi et al. Figure 7 shows calculated carbon concentration profiles with various preferred growth directions of dendrite, which are 20
3)
Relationship between flow direction and growth direction
• , 30
• , 45
• , 60
• and 70
• with respect to the vertical axis of the calculation domain. The initial inflow velocity, u in , is 5.0 × 10 −2 m/s, and the anisotropy parameter, δ ε , is 0.04. In Figs. 7(a)-(c) , the growth of primary dendrites is accelerated and the dendrites grow toward the upstream direction. In cases of preferred growth direction shown in Figs. 7(d) and (e), the growth of both primary and secondary arms on the upstream side is accelerated. This phenomenon is the same as reported results of experiments on transparent organics. 6, 7, 14) Figure 8 shows a case in which the flow was stopped in the course of the solidification process. A calculation domain of 1000 × 1000 meshes was used in the calculation, and the undercooled liquid flowed at a velocity of 8.0 × 10 −2 m/s until the dendrite tip reached nearly half of the domain and then the flow was stopped. As indicated by the dotted lines in Fig. 8 , the primary arm first grew toward the upstream direction due to the fluid flow but later began to grow in the direction to the vertical axis of the domain, which is the preferred growth direction of the dendrite. The growth direction of secondary arms is perpendicular to that of the primary arm regardless or whether there is a liquid flow or not. These results of calculation are also the same as the experimental result reported by Esaka et al.
14)
Effect of thermal field on dendrite growth
The effect of the thermal field on dendrite deflection was experimentally investigated by Esaka et al. 14) They carried out an experiment using a succinonitrile-camphor alloy, and in the case of alloy solidification, they concluded that change in the thermal field has little effect on the dendrite growth direction but that change in the solutal field has a significant effect on dendrite deflection. On the basis of the results of the study by Esaka et al., 14) a phase-field simulation was carried out to clarify the effect of the thermal field on dendrite deflection in an alloy system. In order to compare the effects of thermal and solutal fields, four equations, i.e., phase-field, heat transfer, diffusion and Navier-Stokes equations, must be solved simultaneously. Furthermore, in general, thermal diffusivity is considerably greater than solute diffusivity, which means an extremely long CPU time is required if the same mesh size is used. In the present calculation, an imposed temperature field was used; that is, the effect of temperature was taken into account by treating the free energy densities and the phase-field parameters as functions of temperature. In order to emulate a temperature field under the condition of a fluid flow, two conditions were used in the simulation: 1) a condition in which a given temperature gradient, increasing from left to right, was imposed in the calculation domain, and 2) a condition in which the calculation domain was divided into two regions at the centerline of a primary arm, and a uniform but different temperature field was imposed in each region. The temperature of the region corresponding to the upstream side is 1755 K, and the temperature of the downstream region is higher than that of the upstream region by 5 K. These two conditions emulate the temperature field discussed by Miksch 1) as the effect of fluid flow. Figure 9 shows calculated carbon concentration profiles of dendrite growth under the conditions of the two thermal fields. Simulated dendrites do not exhibit deflection behavior in either condition, but accelerated growth of secondary arms on the upstream side is observed. The results of simulation shown in Fig. 9 suggest that change in the thermal field caused by flow has little effect on dendrite deflection during the process of solidification of an alloy.
Mechanism of dendrite deflection during the process
of solidification of an alloy In this section, we will discuss the mechanism of dendrite deflection in an alloy system on the basis of the results obtained from micro-scale simulation by using the phase-field model. The results of simulation described above show that the main factor determining the deflection of dendrites during the process of solidification of an alloy is change in the solutal field as discussed by Flemings et al. 12) and Esaka et al. 14) The flowing melt sweeps away the solute from the solidifying interface, and the solute-enriched layer around the growing dendrite becomes thinner on the upstream side, as shown in Fig. 3 , resulting in deflection of the dendrite toward the upstream direction.
As shown in Fig. 5 , the deflection angle does not increases at a constant rate with increase in flow velocity, and the maximum deflection angle obtained from the present simulation was less than 15
• . The increasing flow velocity enhances the growth of side branches or coarsening of dendrites rather than inducing deflection. However, results of experimental studies have shown that the deflection angles of dendrites due to fluid flow increased by more than 20-30
• . 2-5, 8, 9, 15-18) The reason for the difference between measured and calculated maximum deflection angles may be the two-dimensional condition of the simulation. It may be thought that the flow patterns in the two-dimensional simulation are not so different from those in the experimental studies, because the flow patterns in the experimental studies were nearly two-dimensional. However, in order to confirm the difference between two-dimensional and three-dimensional conditions, three-dimensional simulation should be carried out in near future.
In order to understand the difference between the results of the simulation and experimental results, it is necessary to distinguish the microscopic deflection of a single dendrite and macroscopic deflection of arrayed dendrites that are recognized as grain structures.
The macroscopic deflection might be due to nucleation or a branching mechanism. Takahashi et al. reported that the solute iso-concentration profile of the liquid region between primary arms becomes unsymmetrical due to the washing effect by flowing melt and that a nucleolus grows toward the upstream direction if nucleation occurs between two columnar dendrites because the valley of undercooling in the liquid region lies toward the upstream direction.
3) At the present time, the phase-field model can not simulate the process involving the nucleation process. However, the results of the present simulation suggest that nucleation is needed to explain the fact the deflection angles of experimentally observed structures were larger than that of a single dendrite. Nucleation is likely to occur in front of columnar dendrites or in the region between columnar dendrites, and a new crystal can be formed by the fragmentation of dendrites due to flowing melt. The newly formed crystal has a random preferred growth direction, and the growth of the primary arm with a preferred growth direction to the upstream direction was accelerated as shown in Fig. 7 . However, in the case of a dendrite having a preferred growth direction of more than 45
• , its growth on the upstream side will be stopped by other dendrites. Therefore, a dendrite having a preferred growth direction of 20
• to 30
• may have the greatest chance to survive and grow. Therefore, the deflection angle at the macrostructure will become 20
• -30
• . In order to confirm the above consideration, simulation in which nucleation events are incorporated should be carried out.
Another possible mechanism for the macroscopic deflection is a branching mechanism, 8) which can explain the fact that the deflection angle of columnar grains was larger than that of columnar dendrites that compose the grain structure.
Conclusions
Numerical simulations of dendrite growth of an Fe-0.15 mass%C alloy with a fluid flow were carried out using the phase-field model. The mechanism of deflection of dendrites in an alloy system was examined on the basis of the simulation results. In the simulation, the primary arms growing in a flowing melt deflected toward the upstream direction, and the deflection angle increased with increase in flow velocity. The deflection angle decreased with increase in growth velocity of the dendrite tip, and the maximum deflection angle of a single dendrite obtained from the simulation was less than 15
• . The deflection angle was clearly influenced by the magnitude of the anisotropy parameter, δ ε , and a primary arm deflected toward the upstream direction with a larger angle when the magnitude of anisotropy was weak. The results of simulation to determine the effect of change in the thermal field showed that change in the thermal field has little effect on deflection in an alloy system and suggested that the main factor causing deflection of a single dendrite is change in the solutal field. On the basis of the simulated results, the experimentally observed large deflection angle of grains was speculated to be due to nucleation in front of dendrites and subsequent competitive growth.
